The particle size of supported catalysts is a key characteristic for determining structure-property relationships. It is a challenge to obtain this information accurately and in situ using crystallographic methods owing to the small size of such particles (<5 nm) and the fact that they are supported. In this work, the pair distribution function (PDF) technique was used to obtain the particle size distribution of supported Pt catalysts as they grow under typical synthesis conditions. The PDF of Pt nanoparticles grown on zeolite X was isolated and refined using two models: a monodisperse spherical model (single particle size) and a lognormal size distribution. The results were compared and validated using scanning transmission electron microscopy (STEM) results. Both models describe the same trends in average particle size with temperature, but the results of the number-weighted lognormal size distributions can also accurately describe the mean size and the width of the size distributions obtained from STEM. Since the PDF yields crystallite sizes, these results suggest that the grown Pt nanoparticles are monocrystalline. This work shows that refinement of the PDF of small supported monocrystalline nanoparticles can yield accurate mean particle sizes and distributions.
Introduction
The analysis of particle size distributions (PSDs) is very important for reactions that are sensitive to catalyst size, such as those involving the cleavage of molecules like CO, O 2 , N 2 , NO, CH 4 , NH and C-C (Van Santen, 2009 ). PSDs are observed in supported (Treacy, 1999; Zhang et al., 2015; Mitrikas et al., 2001; Schaumberg et al., 2015) and unsupported metal catalysts (Schaumberg et al., 2015; Mahajan et al., 2015) and occur because during their growth catalysts follow multiple agglomeration steps with different rate constants (Finney et al., 2012) , resulting in particles with different diameters (Bayram et al., 2015) .
The PSDs of metal nanoparticles supported in zeolites can be more complex because the particle sizes are also affected by the zeolite pore and channel sizes (Gates, 1995) , the composition of the framework (Samant & Boudart, 1991) and the synthesis method (Gallezot et al., 1975; de Graaf et al., 2001) . Catalysts supported in zeolites are generally effectively confined within the pores, ranging in diameter between 1 and 2 nm, and are not detected by conventional X-ray diffraction (Choi et al., 2010) .
In this work we show that, using the total scattering pair distribution function (PDF) technique, it is possible to obtain accurate mean particle sizes and PSDs when studying the growth of Pt catalysts supported on zeolite X. The PDF describes the distribution of distances between pairs of atoms (Egami & Billinge, 2012; Billinge & Kanatzidis, 2004) . A structural model can be refined with this technique, and the program PDFfit2 and its graphical interface PDFgui ) allow the refinement of the structure of nanoparticles by attenuating the bulk calculated PDF G(r) bulk by a function of finite particle size and shape, 0 (r). Assuming a monodisperse model (MM), the reduced pair distribution function G(r) of a uniform nanoparticle can be written as (Farrow & Billinge, 2009; Kodama et al., 2006) GðrÞ nanoparticle ¼ GðrÞ bulk 0 ðrÞ; ð1Þ
where D is the mean particle size and H is a Heaviside step function which ensures that the signal is zero at distances larger than the particle diameter (Guinier & Fournet, 1955) . The mean particle sizes obtained with the PDF refinement results were shown to be consistent with transmission electron microscopy (TEM) (Howell et al., 2006) and UV-vis spectroscopy for unsupported nanoparticles (Masadeh et al., 2007) . For supported nanoparticles, a PDF can be obtained by subtracting the scattering contribution of the support with sufficient accuracy that the resulting difference PDF may be used to refine the particle structure and size (Chupas et al., 2007 (Chupas et al., , 2009 Shi et al., 2013; Terban et al., 2015; Shatnawi et al., 2007) . The mean particle size obtained by this method using the monodisperse model has also been found to be consistent with TEM results (Shi et al., 2013) .
More recently, the program DiffPy Complex Modelling Infrastructure (DiffPy-CMI) was developed, which allows the refinement of a structural model using any shape function, including PSDs (Juhá s et al., 2015) . A lognormal size distribution (LNSD) is regularly used to describe the PSD of other materials (Mitrikas et al., 2001; Schaumberg et al., 2015; Leoni & Scardi, 2004) . For this distribution, the form factor (r) is defined as
where erfc is the complementary error function, and and s are the location parameter and the scale parameter of the LNSD, respectively, which are related to the mean particle diameter, P size , and the standard deviation, P sig , obtained from the PDF by
The LNSD refined from the PDF is then generated using
In this work, we show that, although both the MM and LNSD yield similar particle size trends in our samples, the results obtained by the normalization of the LNSD describe more accurately the experimental PSD observed in STEM. The particle sizes obtained by X-ray scattering describe the volume-weighted size of the crystallite domain. Microscopy techniques, on the other hand, are used to obtain numberweighted particle sizes that may contain multiple crystallites. Thus, the agreement between the PDF and the STEM results suggests that many particles are monocrystalline and well ordered. Moreover, this work shows that this technique is suitable for studying the structure and size distribution of supported nanoparticles.
Methodology

Sample preparation
As-bought zeolite Na13X (Sigma-Aldrich 283592, with Si/ Al = 1.23) was calcined in air to burn off any remaining organic impurities for 5 h at 823 K and cooled to room temperature. The Pt was incorporated via incipient wetness impregnation with an aqueous solution of 0.1 M Pt (NH 3 ) 4 (NO 3 ) 2 to obtain a 1.25 wt% Pt loading. This solution was added dropwise to the calcined Na13X and dispersed to promote its homogeneous distribution; it was then dried at room temperature overnight.
This precatalyst was calcined in a quartz horizontal furnace reactor [609.6 mm long Â 22 mm inner diameter (ID) and 25 mm outer diameter (OD)] in pure oxygen at a heating rate of 1 K min À1 from room temperature to 573 K using an oxygen flow of 120 ml min
À1
. The reduction of this sample was studied in situ with synchrotron scattering, as described below. This sample was also reduced ex situ using the same quartz horizontal furnace reactor in a flow of 70 ml min À1 of 10% H 2 in N 2 at a heating rate of 5 K min À1 up to 438, 573 and 623 K, and these samples were studied with electron microscopy as described below.
Elemental compositions were obtained from Galbraith Laboratories Inc. (Knoxville, Tennessee, USA) and the results corroborated that the Pt loading was 1.23% and the zeolite Si/ Al ratio was 1.26.
Characterization with dark-field scanning transmission electron microscopy (STEM)
High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of samples reduced ex situ were obtained at room temperature using a spherical aberration-corrected JEM-2200 scanning transmission electron microscope operating at 200 kV. To lessen the research papers nanoparticle damage due to the electron beam, a maximum exposure time of 2 min was used while obtaining the images. The STEM distributions of the samples reduced ex situ at 573 and 623 K were separated using the Mixtools package (Benaglia et al., 2009 ) from the R Project (version 0.4.3).
Synchrotron data collection
The X-ray scattering experiments were carried out on beamline 11-ID-B of the Advanced Photon Source at Argonne National Laboratory (Illinois, USA). Diffraction data were collected using a two-dimensional amorphous silicon flat-panel detector from Perkin-Elmer. A sample-todetector distance of 20 cm and a maximum 2 scan angle of 50 were used. The powder samples were analysed in transmission geometry, with an X-ray wavelength of = 0.2128 Å . The two-dimensional data were integrated and converted to one-dimensional intensity versus 2 using the FIT2D program (Hammersley et al., 1996 (Hammersley et al., , 2016 .
Scattering data were obtained for the calcined Na13X and Pt/Na13X samples packed individually inside polyimide capillaries (Cole-Parmer, 1.1 mm OD and 1 mm ID, part No. 95820-09 manufactured by Microlumen Inc). The calcined Na13X sample was heated in situ from 323 to 623 K under a flux of pure oxygen at a heating rate of 10 K min
À1
. The Pt/ Na13X sample was reduced in situ in 5% H 2 in Ar with a heating rate of 5 K min À1 from 323 to 623 K and a hold time of 10 min at 623 K. The scattering data from an empty polyimide capillary at room temperature were also obtained for background subtraction. A scattering pattern was obtained for all the samples every minute to allow proper subtraction.
PDF refinement
To obtain the differential PDF of the Pt nanoparticles, the scattering of the Na13X support was subtracted from the scattering of the reduced Pt/Na13X sample at the same temperature using the PDFgetX3 program (Juhá s et al., 2013) . The scale of the scattering data of the support was chosen to optimize the quality of the resulting PDF.
For structural refinements, a face-centred cubic (f.c.c.) atomic configuration was used for the Pt nanoparticles. Refinements with the monodisperse spherical nanoparticle model (MM) and those using the lognormal spherical distribution model (LNSD) were done with DiffPy-CMI (Juhá s et al., 2015). In both models the same parameters were refined up to an interatomic distance of 40 Å , starting with a scale factor, an isotropic thermal factor, an r-dependent sharpening term and the crystallite size parameters. Refinement with the monodisperse particle model yields only a mean size (D), while refinement with the lognormal distribution model yields a mean particle size (P size ) and the standard deviation of the distribution (P sig ).
Results and discussion
STEM analysis
Two of the known shortcomings of microscopy techniques to obtain PSDs are that they may not provide enough contrast between the particles and the support, and when particles agglomerate they are difficult to differentiate. As can be observed from Fig. 1 , the dark-field STEM images provide sufficient contrast to be able to distinguish the Pt nanoparticles from the support and sufficient resolution to be able to observe very small nanoparticles. Most of the small nanoparticles were well dispersed in the support, while some larger particles, which formed progressively with increasing temperature on the surface of the zeolite, partially overlapped. Since most of the particles were smaller than 5 nm, the overlapping of the larger particles did not significantly affect the PDF analysis. The histograms show that the average size of the nanoparticles increased with temperature and that the PSDs were not normal (Gaussian).
To determine the most statistically adequate distribution that could describe the electron microscopy particle size results, an Anderson-Darling test was done on the histograms of the samples reduced at 573 and 623 K using four distribution models: Weibull, lognormal, normal and exponential. Fig. 2 shows the results of the test for the whole range of particle sizes. The deviation from the straight lines in Fig. 2 and the values of the Anderson-Darling test tabulated in Table 1 are indicators of the goodness of fit of the distribution to the data: the smaller the deviation, the better the fit. These results show that, among the four distributions tested, the lognormal model had the best fit, but there was still a significant deviation.
To improve the fit, the same STEM distributions were separated using the Mixtools package (Benaglia et al., 2009) , as shown in Figs. 3 and 4. Fig. 3 shows that the sample reduced at 573 K appears to have two modes: a major mode at $12 Å and a minor mode at $40 Å . These modes were fitted using the normal and lognormal models and their parameters are tabulated in Table 2 . The mixing proportion is the parameter that determines the fraction of the data that belong to each mode of the distribution. The figure shows that, although both models have similar behaviour, the lognormal model describes the ends of the range better than the normal model. Table 2 Fitted lognormal and normal model parameters obtained from the sample reduced at 573 K.
(1) and (2) are the indexes for the major and minor modes, respectively, as shown in Fig. 3 . The histogram of the sample reduced at 623 K does not show a clear division of distributions. It might be considered that there is a minor mode at 18 Å and a major mode at 26.5 Å . However, using Mixtools it was not possible to separate them using either the lognormal or the normal model. Nevertheless, a single model can describe the whole range of particle sizes reasonably well; thus, this sample is considered unimodal. Its parameters are tabulated in Table 3 . In  Fig. 4 , the lognormal model also seems to have a better fit on the height and width, although the position is shifted to smaller size domains compared with the maximum peak of the histogram. After determination of the possible modes, the data of the major modes were tested using the AndersonDarling test to determine which probability distribution could better describe the major modes, and the results are shown in Fig. 5 and tabulated in Table 4 . For this test the ranges of particle sizes were restricted up to 25 and 57 Å for the samples reduced at 573 and 623 K, respectively, which were the upper limits of the major modes. Probability plots of the samples reduced at 573 and 623 K using the whole range of sizes (0.7-56.8 and 0.7-47.7 nm for the samples at 573 and 623 K, respectively).
Figure 1
Dark-field STEM images of Pt nanoparticles supported in zeolite Na13X and reduced ex situ at (a) 438 K, (b) 573 K and (c) 623 K, with their corresponding particle size diagrams. and 623 K samples, respectively, using the lognormal distribution.
PDF analysis
Structure refinements for the differential Pt PDFs using the MM resulted in goodness-of-fit values R w that ranged from 0.185-0.318 for all the reduction temperatures (Fig. 6) . The residuals improved with increasing temperature as the scattering signal from the growing Pt nanoparticles increased. The higher values of R w at low temperatures are due to errors in the subtraction of the zeolite support scattering. This is caused by a modification of the cage structure due to the presence of the nanoparticles, manifesting extra components in the PDF (for example a positive peak at 1.69 Å and negative peak at 2.38 Å ) which were accounted for in the model by the PDF of the support after structure refinement. Some residual signal from the support will result in larger R w values for nanoparticle model fits, but is unlikely to introduce significant bias since there are no peaks in the nanoparticle models at exactly those locations. This is further supported by the observation that the zeolite subtraction works better at higher temperatures (623 K) where the nanoparticles have been forced out of the pores and reside on the surface of the zeolite, as suggested by STEM images (Fig. 1) . The refinements using the LNSD resulted in similar R w values to the MM, so both particle size models can fit the differential PDF with similar accuracy. The mean sizes obtained with the two models follow a similar trend at all the reduction temperatures, which suggests a jump in growth between 573 and 623 K (Fig. 7) . 
Figure 3
Fits of the modes of the sample reduced at 573 K using the normal (blue) and lognormal (red) models.
Figure 4
Fits of the modes of the sample reduced at 623 K using the normal (blue) and lognormal (red) models.
Figure 5
Probability plots of the samples reduced at 573 and 623 K, using the size ranges 7-25 and 8-57 Å for the samples at 573 and 623 K, respectively However, the refined values of the mean crystallite diameter in the MM are 8.2-12.9% larger than the mean of the LNSD. This is not surprising because the lognormal distribution is asymmetric. This result shows that, for these particles, the PDF cannot be used by itself to differentiate between the presence of monodisperse spherical nanoparticles and a lognormal size distribution of spherical nanoparticles. This is expected when most of the scattering signal comes from the particles of the dominant size. The limitation in sensitivity of the PDF method for studying particle size and shape is known (Farrow et al., 2014) and is widely exploited in nanoparticle modelling where fine details of the nanoparticle crystallite morphology are not the target of the research. In this work, the goal was to determine whether reliable quantitative information about lognormal distribution parameters may be refined from the PDF, even when the LNSD model does not give a lower R w than the MM. For this, the PSDs were obtained by measuring particle diameters from STEM images. STEM has the advantage of giving very direct information about nanoparticle sizes, but the disadvantage of being slow and tedious and not necessarily resulting in a representative sample average, since only a small part of the specimen is sampled. It is also very difficult to obtain information on structural changes occurring in situ with this technique. Getting this information directly from the PDF is thus very valuable. These two techniques, however, measure different quantities: STEM yields the particle size and the PDF the size of the domain of coherent structural order, or 'crystallite' size. The two are the same only in structurally well ordered nanoparticles and in general the particle size is an upper bound on the crystallite size. Here we find excellent agreement between the STEM and the PDF, implying that the particles are single domain.
While not performed in this study, small-angle scattering (SAS) is another technique that can yield PSDs for nanoparticles for samples studied in situ (Schindler et al., 2015; Koerner et al., 2012; Harada et al., 2011; Tokumoto et al., 1999) . SAXS is obtained from the electron-density contrast between different regions in the sample, typically requiring measurement in solution and at low concentrations to avoid interference effects. Achieving suitable contrast to obtain information on nanoparticles that are supported is more difficult, though it can be achieved using anomalous SAXS (ASAXS) (Rasmussen et al., 2000; Haubold et al., 1997; Yu et al., 2009; Binninger et al., 2015) . Other studies have obtained the PSDs of these nanoparticles by modelling the scattering of the support and subtracting its contribution (Stevens et al., 2003) or directly subtracting the scattering of the support (Tuaev et al., 2012) .
The number-averaged PSD obtained by SAXS can be within a 5% uncertainty of a distribution obtained by TEM for homogeneous normally distributed free-standing nanoparticles (Borchert et al., 2005) . Contrary to the PDF, this technique yields bulk particle sizes but no information about atomic structure or domains within the particle. Similar to the PDF, it yields a PSD that is normalized by volume, and multiple probability functions can be fitted using both techniques, although when used by themselves it is not possible to distinguish them (Koerner et al., 2012) . Thus, SAS, PDF and electron microscopy are complementary techniques and should be used in conjunction when possible.
As explained before, the STEM PSD of the sample reduced at 623 K can be described as monomodal, while the STEM PSD histogram of the sample reduced at 573 K is more accurately described as bimodal, although the contribution of the second mode at higher particle sizes is small so only the main distribution was considered (Fig. 8) . To compare reliably the histograms obtained by STEM and PDF, the LNSD obtained with the latter was normalized by the sphere volume (r Simulated PDFs from f.c.c structure refinement superimposed on the measured Pt PDFs at 518, 573 and 623 K for the (a) MM and (b) LNSD models. Differences are shown offset below the fits and black dashed lines show the size-dependent signal damping refined for the respective models.
Figure 7
Refined mean particle sizes during in situ reduction, using a spherical MM (D) and LNSD model (P size ).
distribution. This normalization displaces the curve to lower size values. The resulting number-weighted distribution derived from the PDF agrees rather well with the STEM histograms. Table 5 compares the mean particle sizes obtained by refinement of the PDF and the values obtained by fitting an LNSD to the primary distribution of the STEM results at 573 and 623 K. While the number-weighted LNSD obtained from the PDF overestimates the mean size, the error is within AE0.3 nm. Considering that the goodness-of-fit parameter R w was 0.302 at 573 K, the accuracy of the LNSD is encouraging.
The mean values obtained from the PDF refinement could be skewed higher by the presence of larger particles not fitted by the monomodal distribution. This is an important result, as it suggests that this technique is reliable for studying the changes in average particle size of supported nanoparticles in situ, even when they are still very small (<5 nm). In comparing the crystallite size distributions obtained from the PDF and the PSD from STEM, the agreement suggests that the supported particles are monocrystalline and ordered in an f.c.c. configuration at 573 and 623 K.
Assuming the same accuracy applies from 518 to 623 K where Pt f.c.c. peaks are observed, Fig. 9 shows the trend in the number-weighted LNSD obtained from the PDF. It shows, similarly to Fig. 8 , that the mean particle size increases with temperature with a distinct jump between 573 and 623 K; it also shows that the PSD broadens with temperature. This information is consistent with agglomerative sintering of the particles (Bayram et al., 2015) , where particles of different sizes coalesce with each other, yielding a wider distribution of particle sizes. The source of this sintering was discussed previously (Gá mez-Mendoza et al., 2015) but, in general, these results suggest that, if the reduction step were stopped at 573 K, the synthesis would produce small monodisperse ordered catalysts that are mainly contained within the pores of the support.
In general, one drawback we observe in PDF PSD analysis is that it is not sensitive to different probability distributions, or to multimodal resolutions, owing to finite instrumental resolution (Toby & Egami, 1992; Qiu et al., 2004) . This could potentially be overcome in the future, by obtaining higher Q resolution data which would allow for size distribution analysis out to much higher distances.
Conclusions
This work describes a method to obtain PSDs of supported catalysts by refinement of their PDFs that can be compared directly with experimental distributions obtained by microscopy techniques. It shows that a number-weighted lognormal PSD (LNSD) obtained from the PDF is in good agreement with that obtained from STEM imaging for these Pt nanoparticles. Since the PDF actually measures crystallite size, Number-weighted lognormal distributions obtained through refinement of PDFs from samples reduced from 518 to 623 K. Figure 8 which may be smaller than the particle sizes, these results show that these particles were well ordered single-domain entities.
The three models studied (MM, volume-weighted LNSD and number-weighted LNSD) describe the same trends in particle growth with temperature in a semi-quantitative fashion. In the studied case this is true even when the goodness-of-fit parameters are higher owing to the presence of spurious peaks from imperfect subtraction of the support, suggesting that this technique is very sensitive to particle size. The trend shows a jump in particle size between T = 573 and 623 K that is consistent with agglomerative sintering. Sintering is ubiquitous in catalysts and information on the PSD allows a better correlation between catalyst activity and their size.
More importantly, this work suggests that the PDF is a reliable alternative to observe simultaneously how the PSDs and the structure change with synthesis conditions, which is a unique approach to the design of more active catalysts. Finally, this work shows the versatility of the DiffPy Complex Modelling Infrastructure (DiffPy-CMI) program for modelling deviations from an average model using PDF results to improve the accuracy of the results.
